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An arsenic-chelating metallothionein (fMT) from the arsenic-tolerant marine alga Fucus vesiculosus was
expressed in Escherichia coli, resulting in 30- and 26-fold-higher As(III) and As(V) binding, respectively.
Coexpression of the As(III)-specific transporter GIpF with fMT further improved arsenic accumulation and
offered high selectivity toward As. Resting E. coli cells coexpressing fMT and GIpF completely removed trace
amounts (35 ppb) of As(III) within 20 min, providing a promising technology for compliance with the As limit

of 10 ppb newly recommended by the U.S. EPA.

Arsenic (As), a metalloid, is a known human carcinogen
affecting millions of people worldwide (25, 33). Arsenic exists in
two forms: trivalent arsenite [As(III)] and pentavalent arsenate
[As(V)]. Exposure to As can result in increased risks of hyper-
tension (5, 6), skin, lung, and bladder cancers (14), and hyperker-
atosis (4), due to inhibition of oxidative phosphorylation (11),
interference with cell signaling by binding to hormone receptors
(12), or generation of reactive oxygen species (19).

Conventional techniques for As treatment are mostly inef-
fective for the uncharged form, As(III) (9, 37), or at low
arsenic concentrations. Recently, bioremediation has been
gaining momentum as an environmentally friendly and effec-
tive alternative for removal of heavy metals (6, 7, 15, 18, 22,
26). Although metal-chelating peptides such as metallothio-
nein (MT) have been overexpressed in microorganisms for
enhanced accumulation of Cd and Cu, almost all such peptides
lack specificity for As (1, 2, 20, 29, 31, 34, 35). Specific arsenic
accumulation has been reported by utilizing the metalloregu-
latory protein ArsR (16) or phytochelatins (13, 21, 32). How-

ever, enzymatic synthesis and the availability of precursors
such as glutathione and vy-glutamylcysteine require actively
growing cells and limit the utility of the metal-chelating ArsR
and phytochelatins.

Recently, a newly identified MT from an arsenic-tolerant
marine alga, Fucus vesiculosus (fMT), has been cloned and
stably expressed as a fusion protein (24) in Escherichia coli and
has been shown to bind arsenite with high affinity in vitro (23).
However, the utility of E. coli cells expressing fMT for As
removal has not been reported. Here we report the overex-
pression of fMT in E. coli for enhanced accumulation of both
As(V) and the uncharged form, As(III). To remove the bot-
tleneck in As(III) uptake, the As(III) transporter GlpF was
coexpressed with fMT, resulting not only in further improve-
ment in As(IIT) accumulation but also in selectivity for As(III).
Even resting cells could remove trace amounts of As(III)
within 20 min.

Expression of recombinant fMT and its effect on arsenic
accumulation. The fMT gene was constructed by annealing 11

TABLE 1. Oligonucleotides used for constructing the fMT gene

Oligonucleotide

Sequence (5’ to 3)

GAT CGC GGG CAC TGG CTG CAA G

ATC TGG GAA GAC TGC AAG TGC GGA GCG GCG TGC AGC TGC GGC

GAC TCG TGC ACC TGC GGA ACT GTC AAG AAG GGC ACC ACC TCT CGC GCC
GGC GCG GGC TGC CCC TGC GGC CCC AAG TGC AAA TGC ACC

GGC CAA GGC AGC TGC AAC TGC GTC AAG GAC GAC TGC TGC

GGC TGC GGC AAG TAA CTG CA

CTT GCA GTC TTC CCA GAT CT T GCA GCC AGT GCC CGC

TCC GCA GGT GCA CGA GTC GCC GCA GCT GCA CGC CGC TCC GCA

GCA GGG GCA GCC CGC GCC GGC GCG AGAGGT GGT GCC CTT CTT GAC AGT
GCA GTT GCA GCT GCC TTG GCC GGT GCA TTT GCA CTT GGG GCC

GTT ACT TGC CGC AGC CGC AGC AGT CGT CCT TGA C
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FIG. 1. (A) Sodium dodecyl sulfate-polyacrylamide gel electro-
phoretic analysis of fMT expression in E. coli JM109 harboring either
pMALc2x (lane 2) or pMAL-MT (lane 3). Lane 1, molecular weight
marker. (B) Removal of 35 ppb of As(IIl) by resting E. coli strain
IM109 (5 g/liter) harboring pMAL-c2x (C), pMAL-MT (MT), or
pPMAL-MTG (MTG). Data are means from three independent exper-
iments. Error bars, standard deviations.

overlapping oligonucleotides (Table 1). The resulting fragment
was cloned into BamHI/PstI-digested pUC18 to get pUC18-
MT. The fMT gene was then amplified from pUCI18-MT, di-
gested with EcoRI/Pstl, and ligated into similarly digested
pMALc2x (New England Biolabs), allowing the expression of
fMT as a fusion with the maltose binding protein for enhanced
stability. Figure 1A shows that the fMT fusion protein was
detected (~50 kDa) in E. coli strain JM109 (27) carrying
pMAL-MT by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. In contrast, cells carrying pMAL-c2x produced a
slightly larger band (~54 kDa) corresponding to the maltose
binding protein—B-galactosidase fusion.

To investigate the engineered cells’ ability to accumulate As,
whole-cell binding experiments were conducted as described
previously (16, 36). Cells expressing fMT accumulated levels of
As(IIT) 30-fold higher than those accumulated by the control
(Table 2), indicating that the fMT fusions retain their As(III)-
binding functionality in vivo. Although only direct in vitro
binding of As(III) to fMT has been demonstrated, we were
interested in the question of whether the engineered cells
could afford similar binding for As(V). Interestingly, the MT-
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expressing cells also accumulated 26-fold-higher levels of
As(V) (Table 2), suggesting that this strain accumulates both
forms of arsenic with similar efficiencies. To decipher whether
fMT could bind directly to As(V) or whether binding requires
prior reduction to As(I1I), a similar As(V) binding experiment
was conducted with the arsenate reductase (ArsC) deletion
strain AW10 (10, 17). The level of As(V) accumulation (Table
2) was 10-fold lower than that in JM109, indicating that arsen-
ate reductase is primarily responsible for the reduction of
As(V) to As(III), which subsequently binds to fMT. This result
suggests that it may be possible to further improve As(V)
accumulation by overexpressing arsenate reductase.

Coexpression of MT and GIpF and its effect on As(III)
accumulation. To further improve overall As(III) accumula-
tion, the As(III) transporter GlpF (3, 28) was coexpressed with
fMT. The synthetic operon was constructed by amplifying the
gIpF gene from pTrc10HisGlpF (Peter Agre, Duke University)
using the 5'F primer CGCTGCAGCGGGAGGTCAATATG
AGTCAAACATCAACCTTGA and the 3'R primer TAGTC
TGCAGTTAATGGTGATGGTGATGGTGCAGCGAAGC
TTTTTG (underlining identifies restriction enzyme sites;
boldfacing identifies the start codon); the glpF gene was then
digested with PstI and ligated into pMAL-MT.

The functionality of the GlpF transporter was demonstrated
by observing a threefold enhancement in As(III) accumulation
for cells overexpressing GIpF alone over that by the control
strain (Table 2); coexpression of fMT and GlpF further in-
creased the arsenic accumulation over that by cells expressing
fMT alone. The level of enhancement is consistent with the
observed increase in As(III) uptake due to GIpF overexpres-
sion (Table 2), reflecting the additive effect on accumulation of
coexpression of fMT and GIpF. The final level of 8.1 wmol/g
(dry cell weight [DCW]) is three times higher than levels re-
cently reported for other engineered E. coli strains (16, 30, 32).

Effects of other metals on arsenic accumulation by growing
cells. To investigate the selectivity of fMT toward As(III),
binding experiments similar to those described above (16, 36)
were performed in the presence of equimolar concentrations
of other, competing metals such as Zn, Pb, and Cd. In the
presence of Pb (data not shown) or Zn (Table 2), no effect on
arsenite accumulation was observed, suggesting that fMT has
high selectivity toward As(III). However, As(III) accumulation
was reduced by 56% (Table 2) in the presence of Cd, suggest-

TABLE 2. Arsenic accumulation by bacterial cells expressing fMT and the arsenite transporter GlpF

Arsenic content (pmol/g [DCW]) = SD? in:

Metal” Final concn (pM) Cells expressing:
Control cells®
GlpF MT MT + GlpF
As(V) 10 0.27 £ 0.008 6.91 + 0.393
As(V)* 10 0.07 = 0.007 0.64 = 0.054
As(III) 10 0.20 £ 0.020 0.71 £ 0.029 6.08 £ 0.431 8.61 x 0.550
As(IIT) and Zn** 10 and 10 0.41 = 0.016 7.59 + 0.624
As(IT) and Cd** 10 and 10 0.21 £0.032 2.94 £ 0.051 4.51 £ 0.143
As(I11)° 10 0.18 £ 0.020 4.06 + 0.235 5.72 = 0.171

“ Tested with growing cell cultures unless otherwise indicated.
® Based on DCW and three independent experiments.

¢ E. coli IM109 cells harboring the control vector pMALc2x.
4 E. coli arsenate reductase deletion strain.

¢ Resting cell culture.
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ing that fMT also has high affinity with Cd. Coexpression of
GIpF with fMT increased the As(III) level by 30% in the
presence of Cd (Table 2), indicating that the As(III)-specific
transporter GlpF can be used to improve not only As(III)
uptake but also the selectivity of sequestration by taking ad-
vantage of the transporter’s selectivity toward As(III).

Use of resting cells as As(III) biosorbents. One potential
application of the engineered strains is the use of resting cells
in the absence of nutrients or antibiotics for arsenic accumu-
lation and removal. Cells were grown as described above,
washed, and resuspended in prewarmed TB74S buffer (50 mM
Tris, 150 mM NaCl [pH 7.4]). The As(III) accumulation levels
were very similar to those achieved with growing cultures (Ta-
ble 2), suggesting that resting cells have the potential of being
used as active biosorbents. Interestingly, cells coexpressing
fMT and GlpF showed enhancement of As(III) accumulation
similar to that for growing cells, indicating that the GIpF trans-
porter is active even in resting cells.

Since the regulatory limit for arsenic in drinking water has
recently been lowered to 10 ppb (i.e., pg/liter) and most chem-
ical methods are ineffective at reducing arsenic levels to these
low concentrations, we examined the feasibility of using resting
cells for arsenic removal at these low concentrations. At a cell
concentration of 5 g (DCW)/liter, cells expressing fMT low-
ered the As(III) concentration from 35 ppb to 10 ppb within 20
min while cells expressing fMT and GIpF achieved the same
reduction within 1 min, with all the added As(III) removed
within 20 min (Fig. 1B). In comparison, control cells reduced
the As(III) concentration only to 25 ppb, primarily due to
nonspecific cell surface adsorption. This substantial improve-
ment in As removal can be attributed to the enhanced uptake
provided by the additional As(III) transporter GlpF. More
importantly, similar experiments were also carried out with a
fivefold excess of Cd, Zn, or Pb, and a minimal effect on
As(IIT) removal was observed (data not shown), demonstrating
that these engineered cells have the required selectivity and
affinity for As(III) removal and could be a useful biosorbent
for water treatment. It is intuitive to suggest that further im-
provements in As accumulation could be achieved by deleting
the As(IIT) efflux pump (8) in order to eliminate competition
with fMT for the free As(III).

This work was supported by grants from the NSF (BES0422791 and
BES0329482).

Acknowledgments are due to Peter Agre, Duke University School of
Medicine, for providing pTrc10HisGIpF and to B. P. Rosen, Wayne
State University, for providing strain AW10.

REFERENCES

1. Bae, W., R. Mehra, A. Mulchandani, and W. Chen. 2001. Genetic engineer-
ing of Escherichia coli for enhanced bioaccumulation of mercury. Appl.
Environ. Microbiol. 67:5335-5338.

2. Bae, W., W. Chen, A. Mulchandani, and R. Mehra. 2000. Enhanced bioac-
cumulation of heavy metal by bacterial cells displaying synthetic phytochela-
tins. Biotechnol. Bioeng. 70:518-524.

3. Carlin, A., W. Shi, S. Dey, and B. P. Rosen. 1995. The ars operon of
Escherichia coli confers arsenical and antimonial resistance. J. Bacteriol.
177:981-986.

4. Cebrian, M. E., A. Albores, M. Aguilar, and E. Blakely. 1983. Chronic arsenic
poisoning in the north of Mexico. Hum. Toxicol. 2:121-133.

5. Chen, C. J., Y. M. Hsueh, M. S. Lai, M. P. Shyu, S. Y. Chen, M. M. Wu, T. L.
Kuo, and T. Y. Tai. 1995. Increased prevalence of hypertension and long-
term arsenic exposure. Hypertension 25:53-60.

6. Chen, S., and D. B. Wilson. 1997. Construction and characterization of

10.

11.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

APPL. ENVIRON. MICROBIOL.

Escherichia coli genetically engineered for bioremediation of Hg?>*-contam-
inated environments. Appl. Environ. Microbiol. 63:2442-2445.

. Chen, S., and D. B. Wilson. 1997. Genetic engineering of bacteria and their

potential for Hg>" bioremediation. Biodegradation 8:97-103.

. Dey, S., D. Dou, and B. P. Rosen. 1994. ATP-dependent arsenite transport in

everted membrane vesicles of Escherichia coli. J. Biol. Chem. 269:25442—
25446.

. Driehaus, W., R. Seith, and M. Jekel. 1995. Oxidation of arsenic(III) with

manganese oxides in water treatment. Water Res. 29:297-305.

Gladysheva, T. B., K. L. Oden, and B. P. Rosen. 1994. Properties of the
arsenate reductase of plasmid R 773. Biochemistry 33:7288-7293.

Goyer, R. A, and T. W. Clarkson. 2001. Toxic effects of metals, p. 811-867.
In C. D. Klaassen (ed.), Casarett and Doull’s toxicology: the basic science of
poisons. McGraw-Hill, New York, NY.

. Kaltreider, R. C., A. M. Davis, J. P. Lariviere, and J. W. Hamilton. 2001.

Arsenic alters the function of the glucocorticoid receptor as a transcription
factor. Environ. Health Perspect. 109:245-251.

. Kang, S. H., S. Singh, J. Y. Kim, W. Lee, A. Mulchandani, and W. Chen.

2007. Bacteria metabolically engineered for enhanced phytochelatin pro-
duction and cadmium accumulation. Appl. Environ. Microbiol. 73:6317-
6320.

. Karagas, M. R,, T. D. Tosteson, J. Blum, J. S. Morris, J. A. Baron, and B.

Klaue. 1998. Design of an epidemiologic study of drinking water arsenic
exposure and skin and bladder cancer risk in a U.S. population. Environ.
Health Perspect. 106(Suppl. 4):1047-1050.

Kim, Y. J., K. S. Chang, M. R. Lee, J. H. Kim, C. E. Lee, Y. J. Jeon, J. S.
Choi, H. S. Shin, and S. B. Hwang. 2005. Expression of tobacco cDNA
encoding phytochelatin synthase promotes tolerance to and accumulation of
Cd and As in Saccharomyces cerevisiae. J. Plant Biol. 48:440-447.

Kostal, J., R. Yang, C. H. Wu, A. Mulchandani, and W. Chen. 2004. En-
hanced arsenic accumulation in engineered bacterial cells expressing ArsR.
Appl. Environ. Microbiol. 70:4582-4587.

Kuroda, M., S. Dey, O. I. Sanders, and B. P. Rosen. 1997. Alternate energy
coupling of ArsB, the membrane subunit of the Ars anion-translocating
ATPase. J. Biol. Chem. 272:326-331.

. Li, Y., W. Cockburn, J. Kilpatrick, and G. C. Whitelam. 2000. Cytoplasmic

expression of a soluble synthetic mammalian metallothionein-alpha domain
in Escherichia coli. Enhanced tolerance and accumulation of cadmium. Mol.
Biotechnol. 16:211-219.

Liu, S. X., M. Athar, 1. Lippai, C. Waldren, and T. K. Hei. 2001. Induction
of oxyradicals by arsenic: implication for mechanism of genotoxicity. Proc.
Natl. Acad. Sci. USA 98:1643-1648.

Ma, L. Q., K. M. Komar, C. Tu, W. Zhang, Y. Cai, and E. D. Kennelley. 2001.
A fern that hyperaccumulates arsenic. Nature 409:579.

Maitani, T., H. Kubota, K. Sato, and T. Yamada. 1996. The composition of
metals bound to class III metallothionein (phytochelatin and its desglycyl
peptide) induced by various metals in root cultures of Rubia tinctorum. Plant
Physiol. 110:1145-1150.

Mejare, M., and L. Bulow. 2001. Metal-binding proteins and peptides in
bioremediation and phytoremediation of heavy metals. Trends Biotechnol.
19:67-73.

Merrifield, M. E., T. Ngu, and M. J. Stillman. 2004. Arsenic binding to
Fucus vesiculosus metallothionein. Biochem. Biophys. Res. Commun.
324:127-132.

Morris, C. A., B. Nicolaus, V. Sampson, J. L. Harwood, and P. Kille. 1999.
Identification and characterization of a recombinant metallothionein protein
from a marine alga, Fucus vesiculosus. Biochem. J. 338:553-560.

Nriagu, J. O., and J. M. Pacyna. 1988. Quantitative assessment of world-
wide contamination of air, water and soils by trace metals. Nature 333:
134-139.

Pazirandeh, M., L. A. Chrisey, J. M. Mauro, J. R. Campbell, and B. P.
Gaber. 1995. Expression of the Neurospora crassa metallothionein gene in
Escherichia coli and its effect on heavy-metal uptake. Appl. Microbiol. Bio-
technol. 43:1112-1117.

Sambrook, J., and D. W. Russell. 2001. Molecular cloning: a laboratory
manual, 3rd ed. Cold Spring Harbor Laboratory Press, Cold Spring Har-
bor, NY.

Sanders, O. I., C. Rensing, M. Kuroda, B. Mitra, and B. P. Rosen. 1997.
Antimonite is accumulated by the glycerol facilitator GlpF in Escherichia
coli. J. Bacteriol. 179:3365-3367.

Sar, P., and S. D’Souza. 2001. Biosorptive uranium uptake by a Pseudomonas
strain: characterization and equilibrium studies. J. Chem. Technol. Biotech-
nol. 76:1286-1294.

Sauge-Merle, S., S. Cuine, P. Carrier, C. Lecomte-Pradines, D. T. Luu, and
G. Peltier. 2003. Enhanced toxic metal accumulation in engineered bacterial
cells expressing Arabidopsis thaliana phytochelatin synthase. Appl. Environ.
Microbiol. 69:490-494.

Say, R., N. Yilmaz, and A. Denizli. 2003. Biosorption of cadmium, lead,
mercury, and arsenic ions by the fungus Penicillium purpurogenum. Sep. Sci.
Technol. 38:2039-2053.

Singh, S., W. Lee, N. A. DaSilva, A. Mulchandani, and W. Chen. 2008.
Enhanced arsenic accumulation by engineered yeast cells expressing



VoL. 74, 2008 ARSENIC REMOVAL BY E. COLI EXPRESSING METALLOTHIONEIN 2927

Arabidopsis thaliana phytochelatin synthase. Biotechnol. Bioeng. 99:333— metallothioneins anchored to the outer membrane protein LamB. J. Bacte-
340. riol. 180:2280-2284.
33. Smith, A. H., E. O. Lingas, and M. Rahman. 2000. Contamination of drink- 36. Sriprang, R., M. Hayashi, H. Ono, M. Takagi, K. Hirata, and Y. Murooka.
ing water by arsenic in Bangladesh: a public health emergency. Bull. 2003. Enhanced accumulation of Cd>* by a Mesorhizobium sp. transformed
W. H. O. 78:1093-1103. with a gene from Arabidopsis thaliana coding for phytochelatin synthase.
34. Sousa, C., A. Cebola, and V. de Lorenzo. 1996. Enhanced metallosorption of Appl. Environ. Microbiol. 69:1791-1796.
bacterial cells displaying poly-His peptides. Nat. Biotechnol. 14:1017-1020. 37. Wilkie, J. A., and J. G. Hering. 1998. Rapid oxidation of geothermal arseni-
35. Sousa, C., P. Kotrba, T. Ruml, A. Cebolla, and V. De Lorenzo. 1998. Met- c(IIT) in streamwaters of the eastern Sierra Nevada. Environ. Sci. Technol.

alloadsorption by Escherichia coli cells displaying yeast and mammalian 32:657-662.



